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Abstract 
A novel fast pyrolysis reactor for converting biomass (agriculture and forestry wastes) into bio-oil developed by the 
authors was used in this study. Taguchi experimental design method and the SPSS (Statistical Package for Social 
Sciences) multiple regression analysis software were employed to analyze the effects of some selected key process 
parameters, including the size of the feedstocks, the pyrolysis temperature and the feed rate (rotational speed of the 
screw extruder), on the maximum yield of the bio-oil produced from forestry wastes(camphor tree). The results show 
that the optimal operation conditions for attaining the highest yield of bio-oil (60.2%) are: 3.35mm grain size - 40rpm 
screw extruder rotational speed - 500 oC pyrolysis temperature. In addition, when larger grain sizes are used, higher 
feed rates are required to achieve peak bio-oil yields. As a result, a significant increase in productivity can be 
expected.  
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Introduction 
The conversion of biomass into bio-oil involves a fast pyrolysis process. Fast pyrolysis is a high-
temperature process in which biomass is rapidly heated in the temperature range of around 450~550oC 
under the anoxia condition where the biomass decomposes instantly to generate vapors, aerosols and 
some charcoal-like char[1]. The bio-oil is then obtained from condensable gases by means of 
condensation. In addition, the non-condensable gases can be collected and recycled for used as heating 
fuel for fast pyrolysis reaction, and the carbon char can be further processed to high-grade carbon 
powders for industry applications [2].  
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  A novel fast pyrolysis reactor for converting biomass (agriculture and forestry wastes) into bio-oil has 
been developed by the authors[3]. A schematic view of the complete apparatus is depicted schematically 
in Fig. 1. Effects of some key process parameters, including the size of the fed biomass, the drying time 
of biomass, the pyrolysis temperature and the rotational speed of the screw extruder, on the maximum 
yield of bio-oil produced had been investigated. 
Selection of pyrolysis process parameters 
The efficiency of the pyrolysis reaction is affected by various factors. As for the size of feedstock, the 
feedstock used should be ground to below certain size to promote pyrolysis reaction, and hence both the 
yield and the quality of the bio-oil can be increased. It has been found that as the grain diameter is smaller 
than 1.0mm, the pyrolysis reaction is in fact a kinetic reaction mechanism [4]. However, if the grain size 
exceeds 1.0mm, the pyrolysis is mainly controlled by heat and mass transfer, and due to the low thermal 
conductivity of biomass, the heating rates through larger particles are low which leads to the retardation 
of inner volatility and a prolong stay at pyrolysis temperature of gaseous products. Accordingly, char 
formation increases and the formed hot char which is catalytically active tend to induce secondary 
reaction of organic vapors to produce secondary char, water and gas. As a result, liquid yields reduce. 
Therefore, char removal is an essential requirement for large particles (>2mm) to avoid slow pyrolysis 
reactions[5]. In addition, the moisture content of the feedstock will affect the efficiency of the thermal 
pyrolysis reaction and hence the quality of the bio-oil produced. If it is too high, the moisture content in 
the bio-oil produced will also be high, and that not only will decrease the caloric value, but also will 
corrode the piping system and the related facilities. Therefore, it was suggested that the moisture content 
in the feedstock should be less than 10% [4,6]. Regarding the effect of pyrolysis temperature, it greatly 
affects the type and amount of the reaction products; at a relatively low temperature, say below 350oC, the 
majority of the reaction products is char, whereas at temperatures exceeding 700oC, most of the reaction 
products is non-condensable gases. The appropriate pyrolysis temperature range is within the range of 
400~600oC [7-8]. 
 
 
 
 
 
 
 
Fig.1. A schematic view of a complete fast pyrolysis system: (1) Hopper; (2) Driving system; (3) Fast pyrolysis reactor; (4) Gas and 
solid separating system; (5) Condenser; (6) Storage tank for non-condensable gases; (7) Fuels (natural gas or recycled non-
condensable gases); (8) Condenser tank 
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Experimental Set-Up 
Feedstock of camphor tree was ground with a rotary cutting mill and screened into following three size 
categories: 0.425mm, 1.70mm, and 3.35mm. The camphor used in this study had a proximate analysis of 
ash yield of 2.09 wt%; Moisture:10.74wt%; Volatile Matter: 87.18wt% (Including volatile matters and 
fixed carbon) and an ultimate analysis (Heraeus VarioIII Series NCSH, Germany) of C: 46.28 wt%; H: 
7.87wt%; N: 0.29wt%; O: 45.56wt%. The time to reach adabatic weight at the drying temperature of 
103±2 oC is 6hr for camphor. 
     Based on the results of pre-experiments, Taguchi experimental design method was employed to 
analyze the effects of some selected key process parameters on the production yield and high heating 
value of the bio-oil obtained. The process parameters evaluated include grain size of the feedstock 
(0.425mm, 1.70mm and 3.35mm), pyrolysis temperature(450oC, 470oC and 500oC), and biomass feed rate 
(rotational speed of the screw extruder: 20rpm, 40rpm and 60rpm), at a constant drying time of 6hr. The 
S/N ratios were obtained using Taguchi’s methodology. Here, the intended objective is to obtain higher 
bio-oil yields. Hence, the larger the better type S/N ratio was used to transform the yields of the bio-oil 
(Table 2). The S/N ratio (Ș) is defined as follows:  
 
 
 
 
  Where, n is the number of experiments, and yi is the observed data at the ith experiment. Three factors 
and three levels in each factor for camphor trees were selected which are indicated in Table 1. Standard 
L9 orthogonal arrays (OA) were constructed for analysis, as presented in Table 2. 
Results and Discussion 
Standard L9 orthogonal array experiments. To obtain the optimal fast pyrolysis conditions, the-larger-
the-better quality characteristics were adopted. Based upon the analysis results of production yield and 
SN ratio, the optimal operation conditions can be obtained, which are shown in Table 2 and Fig. 2 for 
camphor. As can be concluded from the analysis results that the optimal set of operation conditions for 
camphor is A3B3C2, namely, grain size of 3.35mm, pyrolysis temperature of 500oC, and screw rotational 
speed of 40rpm. In addition, the order of significance is arrayed of CAB, that is, the screw rotational 
speed is the most significant variable, which is followed by grain size and then pyrolysis temperature. 
Also, the yield of bio-oil in this case is 60.2%. 
SPSS Multiple regression analysis. Even though the Taguchi method can establish the optimal operation 
conditions, it fails to analyze the correlation between the yield of bio-oil with the process parameters. 
Therefore, the SPSS multiple regression analysis was performed to obtain the regression formulae that 
correlate the production yield (Y, dependent variable) with the process parameters (pyrolysis temperature, 
X1 (oC), feed rate, X2 (rpm), and grain size, X3 (mm)). The regression formula model is as follows: Y = a 
+ b1X1 + b2X2 + b3X3 + e, where a is the interception, b1, b2, and b3 are the regression factors, and e is the 
random error. The obtained formula is: 
Ycamphor = 1409.04 + 0.0672X12 – 0.0519X22 – 6.253X32 + 0.0071X1X2 – 0.133X1X3+ 0.157X2X3 
                 – 6.221X1+ 87.99X3                                                                           (2) 
  The R2 value of 1.0 meant that it was a particularly good fit, and the p-value was very low (p<0.0001), 
showing that the fitted model and the analysis were within a 95% level of confidence. 
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Table 1 Assignments of the levels to control factors for camphor 
Factor Level 1 Level 2 Level 3 
A. Feedstock grain size (mm) 0.425 1.70 3.35 
B. Pyrolysis temperature (oC) 450 470 500 
C. Rotational speed (rpm)  20 40 60 
Table 2 Standard L9 orthogonal array assignments and measured yields for camphor 
Factor        Run1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 
A 0.425 0.425 0.425 1.70 1.70 1.70 3.35 3.35 3.35 
B 450 470 500 470 500 450 500 450 470 
C 20 40 60 60 20 40 40 60 20 
Empty 1 2 3 1 2 3 1 2 3 
Bio-oil (wt.%) 25.5 32.0 160 23.7 52.5 55.2 60.2 30.2 41.4 
SN (Ș) ratio 28.1 30.1 24.1 27.5 34.4 34.9 35.6 29.7 32.3 
Confirmation experiments. From the results of standard L9 orthogonal array experiments, the optimal 
process conditions for achieving the maximum yield of bio-oil from camphor are A3B3C2, and the 
production yield is estimated to be 97.4dB by using the full factorial experiments. In the confirmation 
experiment based upon the above optimal conditions (A3B3C2), the obtained SN ratio is 106.8dB and the 
variation is 8.8% which is less than 30%, indicating a good regeneration. Therefore, the optimal operation 
conditions can be confirmed to be: grain size: 3.35mm, pyrolysis temperature: 500oC, rotational speed: 
40rpm, and drying time: 6h. 
Effects of pyrolysis conditions on the constituents of reaction products. Effects of the grain size of 
feedstock (ranging from 0.425mm to 3.35mm) and the pyrolysis temperature (ranging from 400oC to 
550oC) on the production yield of bio-oil, at a constant feed rate (rotational speed of the screw extruder) 
of 20rpm, were investigated for camphor trees.The results indicate that at a given grain size of feedstock, 
the yield of bio-oil increases with increasing pyrolysis temperature, reaches a peak, and then decreases 
with a further increase in pyrolysis temperature. Take 0.425mm grain size as an example (Fig. 3), the bio-
oil yield increases first with increasing pyrolysis temperature, reaches a peak of 50.2% at around 500oC, 
and then decreases with a further increase in temperature. On the other hand, the change in wt% of the 
non-condensable gases follows a pattern opposite to that of the bio-oil, while the amount of char 
decreases continuously with increasing the pyrolysis temperature. The present results are in broad 
agreement with the findings reported in the literatures [4,9].  
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Fig. 2. Effects of process parameters on yields and SN values for camphor, (a) Grain size, (b) Pyrolysis temperature, and (c) 
Rotational speed. 
 
However, the optimal pyrolysis temperature to achieve peak liquid yield depends on grain size and 
rotational speed; for 0.425mm grain size, 500oC pyrolysis temperature at a rotational speed of 20rpm can 
obtain peak bio-oil yield, while a pyrolysis temperature of 500oC at a rotational speed of 40rpm are for 
1.7mm, and 3.35mm grain sizes to achieve peak bio-oil yields. In the present study, the results show that 
the bio-oil yield increases as both grain size and rotational speed increase. For instance, the optimal 
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operation conditions obtained herein are 3.35mm grain size, 500oC pyrolysis temperature and 40rpm 
rotational speed. This is because the screw extruder used in this study is a tapered shape whose diameter 
increases gradually toward the end with a 2o taper, as shown in Fig. 4. This particular design results in a 
gradual reduction in gap space, together with the increased feed rate by using larger grains and higher 
rotational speeds, the squeezing and crushing of the grains within the gradually reduced space promotes 
the breakage of hot char formed on the grain surface and favors the exposure of fresh biomass for 
pyrolysis reaction. As a result, secondary reactions can be prevented and hence the liquid yields can be 
increased. It has to be noted that for larger grain sizes, e.g.Ї1.0mm, if the rotational speed fails to 
increase correspondingly, then the retardation of inner volatility take place, inducing secondary reaction 
of organic vapors to form secondary char, water and gas. This wll cause the reduction of liquid yields.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Changes in yields of bio-oil, non- condensable gas and char as a function of pyrolysis temperature 
for camphor trees of 0.425mm grain size. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) A schematic view of a pyrolysis reactor. (b) The squeezing and crushing of the grains within a 
single tapered screw extruder.(I: feedstock, II: Surface pyrolysis, III: Squeezing and crushing, IV: 
Pyrolysis completed. ) 
(a) (b)
 (I) (II) (III)(IV)
Input feedstock barrel
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Conclusions 
Taguchi method was employed to obtain the optimal operation conditions for converting camphor trees to 
bio-oil by using a prototype fast protysis reactor developed by the authors. The results show that the 
optimal operation conditions for attaining the peak bio-oil yield (60.2%) are: 3.35mm grain size - 40rpm 
screw extruder rotational speed - 500 oC pyrolysis temperature. In addition, a regression formula that 
correlates the production yield (Ycamphor) with the process parameters was obtained and expressed below: 
Ycamphor = 1409.04 + 0.0672X12 – 0.0519X22 – 6.253X32 + 0.0071X1X2 – 0.133X1X3+ 0.157X2X3 – 
6.221X1+ 87.99X3. 
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